B
icuspid aortic valve (BAV) is the most common congenital heart defect, affecting 1-2% of the U.S. population. 1 The morphology of BAV is often classified based on valve leaflet fusion patterns, such as: (a) right and left coronary leaflet fusion (RL80% incidence), (b) right and noncoronary leaflet fusion (RN17% incidence), and (c) left and noncoronary leaflet fusion (LN2% incidence). 2, 3 Complications of BAV include valvular calcification, stenosis, regurgitation, aortic root dilatation, and/or aortic aneurysm. 4, 5 The pathophysiologic mechanisms underlying the risk of aortopathy in BAV patients have yet to be clearly identified. [6] [7] [8] [9] [10] One in a hundred BAV patients per year are thought to have an ascending aortic aneurysm, with the current guidelines driving the prophylactic replacement of the ascending aorta (AAo) in approximately 25% of patients. 11, 12 These guidelines have largely been developed based on the assumption of a genetic origin for aortopathy. 13 Nonetheless, uncertainty surrounding a solely genetic origin has spawned alternative hypotheses, such as the hemodynamic hypothesis, which postulates that altered BAV morphology creates focal areas of disease within the aortic wall related to abnormal transvalvular blood flow.
on leaflet fusion patterns such as wall shear stress, flow displacement, and flow angle and the phenotype of aortopathy in BAV subjects. [15] [16] [17] [18] [19] [20] However, most of these studies have only evaluated hemodynamic metrics in the vicinity of the hypothesized aortopathy to investigate a possible link between hemodynamics and regional BAV aortopathy. The specific role of the valve morphology and valve-related hemodynamic metrics on distal AAo aortopathy has not been investigated in previous studies such as Barker et al, 14 Mahadevia et al, 18 and Hope et al. 16, 19 For example, the influence of valve fusion phenotype, valve opening area, or opening eccentricity on hemodynamic metrics through the AAo needs additional investigation to understand the relationship to distal aortic remodeling (e.g., aortic size). Such a comprehensive understanding could help optimize the implementation of standard of care imaging protocols (i.e., short two-dimensional [2D] acquisitions over the longer 4D flow MRI acquisitions). To achieve these goals, the aim here was to use a location commonly imaged as a part of standard of care to understand the impact of the upstream valve morphology and hemodynamics on the distal AAo geometry and hemodynamics using 4D flow MRI data. Furthermore, this study uses a novel semi-automated MRI data processing technique 21 that was not previously used in the studies by Barker et al 14 and Mahadevia et al. 18 
Materials and Methods

Study Cohort
Fifty-two patients were retrospectively chosen from a database of 151 patients that underwent cardiac MRI to assess aortic dimensions or aortic valve morphology and function. They were categorized into three groups of subjects consisting of 24 subjects with normal tricuspid aortic valves and aortic dilatation (age 5 58.2 6 13.3; 4 females) to serve as aorta size-matched controls for BAV subjects, 14 RL-BAV subjects (age 5 47.2 6 11.9; 3 females), and 14 RN-BAV subjects (age 5 44.7 6 8.3; 4 females). Exclusionary criteria for all the groups included aortic stenosis or insufficiency greater than moderate. Aortic dilatation was defined as a sinus of Valsalva (SOV) diameter >40 mm or mid ascending aorta (MAA) diameter >40 mm. The severity of aortic stenosis or insufficiency was determined by a radiologist with 10 years of experience using standard-of-care imaging described in the next sub-section. Patients were included in accordance with an institutional review board protocol which permitted retrospective chart review with waiver of consent.
MRI Data Acquisition
All subjects underwent cardiac MRI at 1. 
Postprocessing and Data Analysis
The cine and 4D flow MRI data were processed using a recently validated semi-automated technique designed to extract aortic valve and aorta morphometry and hemodynamics. 21 Postprocessing of the MRI data was composed of the following steps: 2D bSSFP cine image analysis, preprocessing of the 4D flow data, and spatial registration of the 2D to the 3D data, and finally, the extraction of 3D geometric and hemodynamic metrics. Similar to our previous work, 21 the metrics derived from the MRI data included: (a) hemodynamics, i.e., mean velocity, flow angle, flow displacement, and jet quadrant and (b) geometric, i.e., valve morphology (area, circularity, eccentricity of the valve orifice) and aorta diameter. These values were evaluated at 11 equally spaced cross-sections (S 0-10 ) downstream from the valve annulus as illustrated in Figure  1A . The sino-tubular junction (STJ) (S 2 in Figure 1A ) was used as a location to evaluate the hemodynamic metrics because the flow was better defined and the effect of aortic valve leaflet interference with the acquisition plane was minimized at this location. Furthermore, the STJ was chosen to replicate potential sites of imaging for standard of care MRI. The robustness of this technique was evaluated by quantifying the intra observer differences. 21 
Statistical Analysis
For each group (aorta size-matched tricuspid aortic valve [TAV] controls, RL-BAV, and RN-BAV), a Shapiro-Wilk test was used to determine if the parameters were normally distributed. One-way analysis of variance was used to compare hemodynamic and geometric parameters between the three groups (P < 0.05 was considered significant). Univariate and multivariate regression models were tested for each group to correlate geometric and hemodynamic metrics with distal AAo diameter. The quality of the data has been adjusted for the number of subjects in the analysis; hence, the goodness of fit in the regression analysis is reported as R 2 adjusted , a conservative estimate when compared with R 2 . R 2 adjusted > 0.5 was considered a strong correlation, 0.2 < R 2 adjusted < 0.5 was considered a moderate correlation, and R 2 adjusted < 0.2 was considered a weak correlation. Statistical analysis was performed using MATLAB (Release 2012b, The MathWorks Inc., Natick, MA).
Results
Study Cohort
The demographics of the study cohort are summarized in Table 1 . Size-matched TAV subjects were significantly (P < 0.02) older than patients with BAV. The MAA diameter (Section S 3 in Fig. 1A ) among all the groups were not significantly different (P > 0.5). Aortic stenosis severity was mild (n 5 0, 2, 2) and moderate (n 5 2, 1, 2) for TAV, RL-BAV, and RN-BAV subjects, respectively. Aortic insufficiency was present in (n 5 7) of TAV, (n 5 7) of RL-BAV, and (n 5 9) of RN-BAV subjects. Eccentricity of the orifice was significantly larger in RN-BAV than TAV (2.0 6 1.1 versus 3.9 6 1.6, P < 0.02). A summary of the variation of mean geometric and hemodynamic parameters at all crosssections downstream of the aortic valve is illustrated in Figure 2 .
Normalized flow displacement at the STJ was significantly larger in both RL and RN BAV subjects than sizematched TAV (0.17 6 0.08 and 0.18 6 0.10 versus 0.11 6 0.08, P < 0.02). Flow angle measured at the STJ was not significantly different among the three groups (P > 0.15). The jet quadrant distribution evaluated at the STJ for the RL-BAV patients was predominantly in the right anterior (RA) quadrant and was distributed across all quadrants in RN-BAV subjects. The jet quadrant for sizematched controls was primarily central, as per observations from previous studies where a normalized flow displacement < 0.1 was considered central. 23 Correlation Between Hemodynamics and AAo Diameter Two hemodynamic metrics (flow displacement and flow angle, defined in Fig. 1 ) evaluated at the STJ (S 2 , Fig. 1A ) correlated well (R 2 adjusted > 0.5) to the distal AAo (S 4 -S 6 ) diameter. Figure 3 illustrates the best regression results between normalized flow displacement at S 2 and aorta diameter at S 5 for the three groups. It was observed that all Table 2 summarizes the linear regression results for the correlation between normalized flow displacement at the STJ and downstream aortic diameter at S [3] [4] [5] [6] . RN-BAV subjects exhibited a positive association between normalized flow displacement and aortic diameter; an increase in normalized flow displacement at the STJ was observed to cause a significant increase (P < 0.01) in downstream aortic diameter at cross-sections S [3] [4] [5] [6] . Although the goodness of fit was relatively lower for TAV subjects when compared with RN-BAV subjects, the data exhibited a positive trend (P < 0.055). Normalized flow displacement was observed to have a negligible impact on the downstream aorta diameter for RL-BAV subjects. The most noteworthy observation here is that the flow displacement at the STJ is strongly associated with the AAo diameter at S 5 for RN-BAV subjects.
Furthermore, the flow angle for RN-BAV subjects at the STJ had the highest correlation and a significant positive association (R 2 adjusted 5 0.66; slope 5 0.32; P < 0.01) with the diameter of the AAo at section S 4 (Fig. 4) . RL-BAV subjects exhibited a weak correlation (R 2 adjusted 5 0.16; slope 5 0.23; P < 0.1), while TAV subjects had the weakest correlation (R 2 adjusted 5 0.04). Table 3 summarizes the regression data between flow angle at the STJ and aortic diameter at downstream crosssections. Flow angle strongly correlated to most of the distal portions of the AAo (S 3-5 ) for RN-BAV subjects, while the strongest correlation for RL-BAV subjects was observed at the immediately following cross-section (S 3 ). However, it should be noted that the significance of the positive association between flow angle and AAo diameter was markedly different between the two groups, P < 0.01 versus P < 0.1 for RN-BAV and RL-BAV subjects, respectively.
Correlation Between Valve Morphology and AAo Diameter
It was observed that valve orifice circularity best correlated with downstream AAo diameter. Figure 5 illustrates the best regression results between orifice circularity and AAo diameter at the STJ for the three groups. It was observed that RN-BAV subjects had the highest correlation with a significant negative association (R 2 adjusted 5 0.53; slope 5 -36.9; P < 0.01) , RL-BAV subjects had the weakest correlation (R 2 adjusted 5 0.00), and aorta size-matched TAV subjects had a moderate correlation with negative association (R 2 adjusted 5 0.26; slope 5 -26.5; P < 0.06). Table 4 summarizes the linear regression results for the correlation between orifice circularity and downstream aortic diameter at S 2-6 . RN-BAV subjects exhibited a negative association between orifice circularity and AAo diameter; a more circular annulus was observed to be associated with a significant decrease (P < 0.01) in downstream aortic diameter at cross-sections S 2-4 . Although the goodness of fit was relatively lower for TAV subjects when compared with RN-BAV subjects (R 2 adjusted 5 0.53 versus 0.26), the data exhibited a significant negative association (P < 0.06). Furthermore, orifice circularity was observed to have no impact on the AAo diameter for RL-BAV subjects.
Multivariate Regression Analysis
The two strongly correlated hemodynamic variables, flow angle and flow displacement along with a valve morphology variable (i.e., orifice circularity), were used for this multiple regression analysis. (Table 5 summarizes the results of this analysis.) The strongest correlations in the multivariate analysis were observed in the RN-BAV subjects when compared with RL-BAV subjects and size-matched TAV controls (R 
Discussion
This study used a validated semi-automated 4D flow MRI processing technique 21 to analyze a cohort of patients to understand the relationship of BAV valve phenotypes and their association to downstream hemodynamics and AAo geometry. The development of such relationships could help further improve prognostic hemodynamic metrics for BAV subjects using less complex standard of care 2D imaging protocols, 24 for example, a dynamic cine or phase-contrast MRI at the level of the aortic valve and/or STJ which could provide prognostic morphologic or hemodynamic information. For these reasons, we focused on measuring upstream parameters that are capable of being acquired using standard of care 2D PC-MRI imaging planes at the level of the STJ. The relationship of these measurements to downstream aortic diameter was assessed by means of a regression analysis. Additionally, the STJ was used as a location to evaluate the hemodynamic metrics because the flow was better defined and the effect of aortic valve leaflet interference with the flow was minimum at this location. The user variability of the manual segmentation process was assessed in a blind test by two other members of the research group. hemodynamic metrics in the STJ were strongly correlated with the distal AAo diameter in the RN-BAV patients, while RL-BAV patients and size-matched TAV controls exhibited weak-moderate associations to aortic size. These observations corroborate prior work, 17, 18 where the systolic jet in RN-BAV subjects has been observed to reflect off of the inner curvature of the proximal AAo before impinging on the distal AAo, which could be the primary cause for the observed correlation.
The findings are intriguing in that upstream hemodynamic alterations in the RN-BAV group appeared to be most correlated to distal AAo diameter, while the RL-BAV group did not display an association of upstream hemodynamics with downstream aortic size. This is of particular interest because the RL-BAV group is thought to exhibit dilation in the root and sinus regions. 17 Thus, the poor correlation of the RL-BAV group to downstream diameter observed in this work may be either an artifact of the automated PC-MRA approach to measure diameter in the sinus region, or simply be associated with inherent underlying genetic differences of the RL valve phenotype and their response to hemodynamic stressors. Garcia et al previously investigated the use of a similar automated PC-MRA approach to estimate aortic diameter and found excellent agreement throughout the aorta as compared to the standard manual CE-MRA approach, except at the SOV region. 25 This may have confounded the correlations between upstream hemodynamics and SOV diameter extracted using the automated PC-MRA approach used here, especially among the RL-BAV group. Thus, we also investigated the correlation of upstream hemodynamics with SOV diameter measurements obtained manually with CE-MRA for both RL and RN-BAV patients. We still found relatively poor agreement between the upstream hemodynamic measurements and the downstream aortic diameter for RL-BAV patients when compared with RN-BAV patients. This comparative analysis demonstrates that the poor correlation of upstream hemodynamics to downstream diameter observed for the RL-BAV group may not be an artifact of the PC-MRA approach. Hence, the poor correlation might be associated with underlying genetic differences of the RL-BAV group and their unresponsiveness to altered hemodynamics. Moreover, it has been postulated that isolated dilation of the aortic root and sinus regions for RL-BAV patients may be related to intrinsic genetic abnormalities of tissue rather than altered hemodynamics, such as seen in Marfan patients. 6, 26 A similar pattern for the TAV, RL-BAV, and RN-BAV cohorts was found when examining valve morphology. For example, orifice circularity was observed to be associated strongly with the downstream AAo diameter for RN-BAV subjects. However, other descriptors of valve morphology (area, eccentricity) were not associated with downstream AAo diameter. Similar to the hemodynamic metrics, the circularity of the orifice did not vary significantly between subject cohorts; however, RN-BAV subjects did exhibit a strong correlation between valve orifice circularity and downstream AAo diameter. Unlike hemodynamic metrics, valve orifice circularity was strongly correlated only to the diameter of the proximal portions of the AAo (close to STJ) and not to the distal portions of the AAo. Again, the relationships indicate that only the RN-BAV cohort showed a relationship between upstream hemodynamics and valve geometry to downstream aortic size. Acknowledging that the study numbers are limited in size, future studies investigating the relationship of hemodynamics to aortic remodeling should be cognizant of these interesting findings.
Multivariate regression analysis did not reveal significant correlations in the RL-BAV or size-matched TAV control subjects nor did it significantly improve the regressions quality. Among the RN-BAV subjects, systolic hemodynamics (flow displacement and flow angle) in the proximal AAo played a more critical role than the valve geometric metrics (orifice circularity). This finding suggests the systolic hemodynamic metrics (as opposed to valve geometry) in the proximal AAo are sufficient as upstream parameters to further investigate distal AAo remodeling.
Flow displacement or flow angle alone might not be sufficient to explain all the observations in this work; knowledge of the orientation of the displacement or flow angle requires an additional descriptor. Thus, jet quadrant was used to measure the direction of the jet or flow eccentricity. In brief, Jet quadrant is an indication of the direction (RA, left anterior, right posterior [RP], left posterior) of the flow displacement. Because the direct assessment of wall shear stress (WSS) was not investigated in this study due to the focus on parameters that can be derived using standard of care 2D PC MRI, WSS data from prior work has been compared with the jet quadrant data from this work. It was observed that the jet quadrant distribution for flow displacement in RL-BAV patients was predominantly in the RA quadrant and in the RP quadrant for RN-BAV patients, agreeing with previously reported WSS distributions at the level of the STJ. 18 While this information is useful, it suggests that flow displacement and jet quadrant can be used to only derive an understanding of WSS at the same location, but does not provide any information about the downstream location. Significant flow displacement suggests elevated WSS at the same location, not where the vessel diameter is larger at the downstream location. Implications on BAV diagnosis and treatment include insights provided by this work into the resulting downstream effects of valve abnormalities caused by BAV. These results could be used to optimize standard of care imaging protocols (for example 2D PC-MRI at the level of the STJ), as demonstrated by recent reports 23 to measure changes in distal AAo diameter. With further validation and based on recent results reporting prognostic significance, 24 the findings in this work suggest that the presence of flow abnormalities in the proximal AAo might be a time-efficient approach to risk-stratify certain subsets of BAV patients. Using future longitudinal studies, this approach could help fine-tune risk assessment such that preemptive patient specific surveillance intervals and therapeutic strategies can be determined within a feasible imaging window and realistic analysis timeline.
There are several potential limitations in this study. Longitudinal studies are critical to improve the current understanding of the relationship between BAV phenotype/ morphology to aortopathy risk stratification. To connect the diagnostic suggestions in this work, the evaluation of better indicators of remodeling (for example WSS) should to be considered in the distal AAo and correlated to flow displacement and/or flow angle in the proximal AAo. However, this work was an initial investigation of readily obtainable parameters and the measurement of WSS was not within the scope of this work. Furthermore, limitations of the study due to small subject cohort and inherent biases of a retrospective study should be noted.
In conclusion, the current study has shown that hemodynamics at the STJ are significantly correlated to the distal AAo diameter in RN-BAV subjects. Furthermore, the measurement of upstream hemodynamic metrics demonstrated more statistical significance than geometric metrics of the valve orifice when considering correlations to downstream aortic size. The findings in this work could be used to design efficient imaging protocols for better prognosis of BAV-related aortopathy.
